In the paper, the effect of voltage increase (from 500 V DC up to 650 V DC ) on the structure and chemical composition of the porous coating on titanium made by Plasma Electrolytic Oxidation is presented. Phosphates-based coatings enriched with calcium, magnesium, zinc, and copper in electrolyte based on 1 L of 85% concentrated H 3 PO 4 , with additions of Ca(NO 3 ) 2 ·4H 2 O, and Mg(NO 3 ) 2 ·6H 2 O, and Zn(NO 3 ) 2 ·6H 2 O, and Cu(NO 3 ) 2 ·3H 2 O, are described. The morphology and chemical and phase composition are evaluated using SEM, EDS, XRD, XPS, GDOES, and CLSM. Based on these analyses, it was found that PEO coatings are porous and enriched with calcium, magnesium, zinc and copper. They consist mainly of the amorphous phase, which is more visible for higher voltages; this is correlated with an increase in the total PEO coating thickness (the higher the voltage, the thicker the PEO coating). However, for 650 V DC , an amorphous phase and titanium substrate were also recorded, with a signal from Ti 2 P 2 O 7 crystalline that was not observed for lower voltages. It was also found that all obtained coatings may be divided into three sub-layers, i.e., porous, semiporous, and transitional.
Introduction
The electrochemical treatment which is known in the literature as Plasma Electrolytic Oxidation (PEO), Micro Arc Oxidation (MAO), or Spark Discharge Anodizing (SDA) may be used to form micro-porous coatings on lightweight metals, such as titanium [1] , zirconium [2] , tantalum [3] , niobium [4] , and titanium alloys (Ti6Al4V [5] , Ti6Al7Nb [6] , Ti-Nb-Zr-Sn [7] , NiTi [8] , Ti13Nb13Zr [9] .
The porous coatings obtained with such a method are mostly used as biomaterials, and are enriched with calcium and phosphorus to form a structure similar to that of hydroxyapatite [10] , which may be doped by the addition of bactericidal copper [11] , as well as zinc [12] and magnesium [13] , added in case of acceleration of wound healing. The PEO processes may be performed under DC [7] , AC [14, 15] , and pulse regime [16, 17] , which yields coatings with different porosities and chemical compositions, and also with different coating thicknesses. In the case of titanium and its alloys, the electrolytes which are used are mostly aqueous solutions with additions of various salts, acids and hydroxides, as presented in Table 1 . Table 1 . Examples of aqueous electrolytes used to PEO (Plasma Electrolytic Oxidation) treatment of titanium and its alloys.
Electrolytes
Ref.
sodium silicate (Na 2 SiO 3 ) with trisodium phosphate (Na 3 PO 4 ), and sodium aluminate (NaAlO 2 ) [5] calcium hypophosphite Ca(H 2 PO 2 ) 2 with phosphoric acid H 3 PO 4 [9] sodium phosphate monobasic monohydrate (NaH 2 PO 4 ·H 2 O) with calcium acetate hydrate (Ca(CH 3 COO) 2 ·H 2 O) and strontium hydroxide 8-hydrate (Sr(OH) 2 ·8H 2 O) [18] calcium acetate Ca(CH 3 COO) 2 2H 2 O, and Na 2 SiO 3 , ethylenediaminetetraacetic acid (EDTA), and sodium hydroxide NaOH [19] tri-sodium orthophosphate (Na 3 [20] disodium phosphate (Na 2 HPO 4 ) [21] ammonium sulfate solution ((NH 4 ) 2 SO 4 ) [22] sodium dihydrogen phosphate (NaH 2 PO 4 ) with calcium acetate (Ca(CH 3 COO) 2 ) and strontium(II) acetate (Sr(CH 3 COO) 2 ) [23] sodium hydroxide (NaOH) with sodium phytate (Na 12 Phy) [24] sodium phosphate heptahydrate (Na 2 HPO 4 ·7H 2 O), with α-Al 2 O 3 and ketoconazole [25] trisodium phosphate (Na 3 PO 4 ) with hydrated sodium borate (Na 2 B 4 O 7 ), and sodium tungstate (Na 2 WO 4) [26] ethylenediaminetetraacetic acid (EDTA) with calcium (Ca(CH 3 COO) 2 ), Ca(H 2 PO 4 ) 2 , sodium hydroxide (NaOH) [27] It should be pointed out that, in the majority of the literature, the presence of titanium oxides in PEO coatings obtained on titanium in aqueous solutions is most often reported. However, Sowa et. al. [9] reported that it was also possible to obtain a PEO coating in aqueous solution, in which mostly phosphates were detected. In the present paper, the continuation of previous works [13] , i.e., the characterization of PEO coatings formed in electrolytes containing the concentrated phosphoric acid (H 3 PO 4 ) with the addition of four nitrates (Ca(NO 3 
, will be presented. The studies already carried out by the authors have shown that it is possible to obtain porous PEO coatings which are enriched only with copper [28] or calcium [29] . In addition, in reference to [13] , new coatings obtained in electrolyte contacting two nitrates (Zn(NO 3 ) 2 ·6H 2 O, Mg(NO 3 ) 2 ·6H 2 O) were presented. It was found that their Zn/P and Mg/P ratios depend on the PEO voltage, and that the Zn/P ratio increases linearly with voltage; in contrast, the Mg/P ratio it is a constant function. That information led the authors to consider the possibility of creating new porous coatings enriched in more than two elements, and of determining the relation between elements originating from electrolyte (Ca, Cu, Mg, Zn, P). However, it was not possible to predict the composition of that coating based on the chemical composition of the electrolyte without experimental studies. Moreover, in the available literature there was no information on how such a porous coating would look, nor what its chemical composition would be, or the relation between each element. Therefore, the main goal of this paper is to present the results related to new porous PEO coatings on titanium, which may be used as a transition layer between titanium biomaterial and tissue, as well as a porous substrate for catalysts. It should be also noted that the selection of elements, such as calcium, phosphorus, magnesium, zinc, and copper for new biocompatible coatings is based upon the need to create a hydroxyapatite-like structure (Ca 5 (PO 4 ) 3 (OH)), in which the Ca 2+ ions can be replaced by antibacterial zinc Zn 2+ and copper Cu 2+ ions and by Mg 2+ ions, which improve the healing of wounds. All the elements should be built into the porous structure in its entire volume; this will allow a slow release of selected ions into the body after surgery. On the other hand it should be pointed out that the obtained coatings, with developed surface stereometry, may be used for catalyst creation.
Materials and Methods
Titanium samples with dimensions of 10 mm × 10 mm × 2 mm were treated by Plasma Electrolytic Oxidation, at voltages of 500 V DC , 575 V DC and 650 V DC , with the use of a commercial DC power supply (PWR 1600H, KIKUSUI Electronics Corporation, Yokohama, Japan). The electrolyte composition was the following: [30] measurements, using a Horiba Scientific GD Profiler 2 instrument (HORIBA Scientific, Palaiseau, France) using a radio frequency (RF) pulsed source (700 Pa, 40 W, 3000 Hz) with an anode diameter of 4 mm (analyzed surface area equal to 12.56 mm 2 ). The structure was studied by Powder X-ray diffraction (XRD) using a Bruker-AXS D8 Advance instrument (BRUKER Corporation, Billerica, MA, USA), with the 2θ/θ geometry using a LynxEye position-sensitive detector (radiation CuKα/Ni filter, 40 kV, 40 mA, 0.014 2θ, interval of 0.25 s, BRUKER Corporation, Billerica, MA, USA). The quantitative and qualitative chemical compositions of the top 10 nm of PEO coatings were studied by X-ray photoelectron spectroscopy (XPS); measurements were made using SCIENCE SES 2002 instrument (SCIENTA AB, ScientaOmicron, Uppsala, Sweden) with a monochromatic (Gammadata-Scienta) Al K(alpha) (hν = 1486.6 eV) X-ray source (18.7 mA, 13.02 kV). All studies were carried out on a surface of about 3 mm 2 , with a pass energy of 500 eV (energy step 0.2 eV and step time 200 ms) with a base pressure of about 6·10 −8 Pa. The XPS spectra were processed in CasaXPS sotware [31] and interpreted based on NIST X-ray Photoelectron Spectroscopy Database [32] and XPS handbook [33] . SEM, EDS, XPS and GDOES measurement techniques, which have been used to characterize the PEO coatings, are described in detail in the references [13] . The surface topography of PEO coatings was evaluated by confocal laser scanning microscopy (CLSM), using a LEXT OLS4000 3D Laser Confocal Microscope (Olympus, Japan). A measuring field of 244 µm × 244 µm was scanned in three places on the surface coating. To obtain the measuring field, 4 scans were taken and then combined. Surface roughness was presented in 3D surface images. The following 3D parameters were calculated to obtain surface roughness: (Sa, Sz) (ISO 25178), where Sa it is arithmetical mean height (mean surface roughness), and Sz it is maximum height (height between the highest peak and the deepest valley). For statistical data processing, the descriptive statistics (mean, standard deviation, first quartile, third quartile), and rank score test at the level of significance α = 0.05, were used.
Results and Discussion
In Figure 1 , the SEM images of porous coatings obtained on CP Titanium Grade 2 after PEO treatment at voltages of 500 V DC , 575 V DC and 650 V DC , are presented. It can be observed that the voltage increase results in a change in surface morphology, as well as pore shapes and sharpness. Due to the fact that, on the basis of SEM images, it was not possible to differentiate the surfaces of the obtained PEO coatings, 3D roughness parameters were used to describe them, and are presented in Table 2 . Based on parameters Sa (arithmetical mean height) and Sz (height between the highest peak and the deepest valley), it was possible to conclude that the smallest roughness was found for PEO coatings obtained at 500 V DC (Sa = 1.74 ± 0.29 µm, Sz = 31.61 ± 8.39 µm) and 575 V DC (Sa = 2.08 ± 0.15 µm, Sz = 25.33 ± 2.72 µm). By increasing the PEO voltage to 650 V DC , it was noted that the two parameters, Sa and Sz, increased by about 50% relative to those ones associated with PEO coatings formed at 500 V DC , and equal to Sa = 3.50 ± 0.06 µm, Sz = 47.25 ± 1.03 µm, respectively. It should be noted that the quantitative description by 3D roughness parameters (Sa and Sz) matches the SEM images presented in Figure 1 . The external porosity, which may be described by those parameters, indicates that the larger the pore diameter, the higher the roughness parameters. Based on that notion, it may be concluded that coatings obtained at 500 V DC and 575 V DC have similar porosity; this was confirmed by a statistical rank score test at the level of significance α = 0.05, while those formed at 650 V DC have more open, volcanoes-like pores which are very clearly visible at the smallest magnification (500×) in Figure 1 , and were confirmed by the same test. Based on parameters Sa (arithmetical mean height) and Sz (height between the highest peak and the deepest valley), it was possible to conclude that the smallest roughness was found for PEO coatings obtained at 500 VDC (Sa = 1.74 ± 0.29 μm, Sz = 31.61 ± 8.39 μm) and 575 VDC (Sa = 2.08 ± 0.15 μm, Sz = 25.33 ± 2.72 μm). By increasing the PEO voltage to 650 VDC, it was noted that the two parameters, Sa and Sz, increased by about 50% relative to those ones associated with PEO coatings formed at 500 VDC, and equal to Sa = 3.50 ± 0.06 μm, Sz = 47.25 ± 1.03 μm, respectively. It should be noted that the quantitative description by 3D roughness parameters (Sa and Sz) matches the SEM images presented in Figure 1 . The external porosity, which may be described by those parameters, indicates that the larger the pore diameter, the higher the roughness parameters. Based on that notion, it may be concluded that coatings obtained at 500 VDC and 575 VDC have similar porosity; this was confirmed by a statistical rank score test at the level of significance α = 0.05, while those formed at 650 VDC have more open, volcanoes-like pores which are very clearly visible at the smallest magnification (500×) in Figure 1 , and were confirmed by the same test. On the basis of EDS spectra, recorded at 500× magnification, the atomic concentrations of Ca, Mg, Zn, Cu, and P were used to calculate metals-to-phosphorus atomic ratios, with the results presented in Figure 2 and Table 3 . Based on these results, it can be observed that Mg/P, Zn/P, Cu/P, On the basis of EDS spectra, recorded at 500× magnification, the atomic concentrations of Ca, Mg, Zn, Cu, and P were used to calculate metals-to-phosphorus atomic ratios, with the results presented in Figure 2 and Table 3 . Based on these results, it can be observed that Mg/P, Zn/P, Cu/P, and M/P values have a positive correlation with voltage. The case of Ca/P values to voltage relation indicates the different mechanisms of calcium compounds in the layer. Considering the standard deviation values of the metal-to-phosphorus ratio, it can be concluded that the most repeatable conditions of the PEO process are at around 575 V DC . In Figure 3 , the XPS spectra of PEO coating formed on Titanium at 575 VDC are presented. Based on the registered peaks, it can be concluded that the top 10 nm layer of the PEO coating is enriched with calcium, magnesium, zinc, copper, and titanium, as well as phosphorus, oxygen, and nitrogen. It should be also pointed out that carbon bound with oxygen, as well as the nitrogen-oxygen In Figure 3 , the XPS spectra of PEO coating formed on Titanium at 575 V DC are presented. Based on the registered peaks, it can be concluded that the top 10 nm layer of the PEO coating is enriched with calcium, magnesium, zinc, copper, and titanium, as well as phosphorus, oxygen, and nitrogen. It should be also pointed out that carbon bound with oxygen, as well as the nitrogen-oxygen compounds, should be treated as organic contaminants, which mainly originate from the air or from cleaning. The binding energies of 134.4 eV (P 2p) and 531.2 eV (O 1s) may be interpreted as PO 4 3− , or/and HPO 4 Based on these results, it may be concluded that the probability of calcium and magnesium incorporation into the structure is the highest, while for zinc and copper, the smallest, remaining constant in the function of voltage. The analysis of Ca/P, Mg/P, Zn/P, Cu/P, Ti/P, and M/P ratios allows us to conclude that a voltage increase, from 500 V DC up to 650 V DC , results in an increase in the Ca/P (from 0.033 up to 0.059) and Ti/P (from 0.051 up to 0.119) ratios, while for other ratios, i.e., Mg/P, Zn/P, Cu/P, and M/P, the maxima equaling 0.251, 0.018, 0.018, and 0.322, respectively, for 575 V DC , were determined. Considering the fact that the amount of copper and zinc compounds in coating structure should be high enough to have antibacterial properties in the case of surgical treatment, it should be suitable for use in anodic oxidation, with a voltage of 575 V DC . Figures 4 and 5 present the GDOES profile of calcium, copper, magnesium, zinc, and phosphorus, oxygen, hydrogen, and titanium, respectively, for PEO coatings. Based on these results, it is possible to conclude that the PEO coatings may be described by a three-sub-layer model. The first porous and top sub-layers are enriched with phosphorus, oxygen, calcium, copper, magnesium, and zinc. However, it should be noted that the maxima of signals in that sub-layer may be partly related to plasma inflammation and organic contaminations from the air or/and cleaning process. These are mainly registered for phosphorus (178 nm), as well as oxygen (130 nm) and hydrogen (122 nm) signals, which may be a part of structure (coating matrix) containing the phosphates and hydrogen phosphates enriched in calcium, magnesium, zinc, and copper, whose signals are much weaker in this range. In the second sub-layer, which is semiporous with nested finer pores in the pores, a plateau was observed for all GDOES signals. In that sublayer, the amount of chemical components originating from the electrolyte (calcium, magnesium, zinc, and copper) are stable; this is especially important in the case of biomaterials, because the possibility of tissue growing into the porosity of PEO coating during healing after surgery. It should therefore be protected from bacteria, which is associated with copper and zinc ions. In addition, calcium and phosphorus form the hydroxyapatite-like structure, which should be acceptable for tissue, and magnesium as an accelerator of wound healing. In places in the GDOES signals, where local maxima of calcium, copper, magnesium, zinc, and phosphorus are observed, the third transition sub-layer, in which increasing the levels of titanium and decreasing those of phosphorus, oxygen, calcium, copper, magnesium, and zinc are observed, has its beginning. Moreover, maxima in the hydrogen signals, which are in the middle of this sub-layer, should be treated as the end of the porosity of the coating. Based on the GDOES spectra, one can infer that an increase in the PEO voltage results in an increase of the coating thickness, which may be expressed in sputtering times in seconds. Therefore, all the sublayer thicknesses depend on PEO voltage. The top one has thicknesses of 200 s, 300 s, and 400 s of sputtering time for 500 V DC , 575 V DC , 650 V DC , respectively, while the thickness of the second one is in the range of 1200 s (500 V DC ) up to 2900 s (650 V DC ) of sputtering time. For the thickness of the third, the transition layer increases with an increase in voltage from 1100 s (500 V DC ) up to 2000 s (650 V DC ) of sputtering time. In addition, it was observed that the thickness of the first sub-layer may be described by a linear trend in function of PEO voltage, i.e., 1.33 U-66.67, while the second and the third ones follow the equations: 11.33 U-4550 and 6 U-1950, respectively, where U is in the range from 500 V DC to 650 V DC . The phase composition of the PEO samples was studied by XRD, and the results are presented in Figure 6 . These results show that, beyond the titanium signal coming from the substrate, the amorphous layer can be also identified. It should be pointed out that the higher the voltage, the higher the amorphous phase; this is due to an increase in the coating thickness. However, in the case of the PEO coating obtained at 650 V DC , in addition to the amorphous phase, diffraction peaks due to the presence of Ti 2 P 2 O 7 crystals, can be observed. The phase composition of the PEO samples was studied by XRD, and the results are presented in Figure 6 . These results show that, beyond the titanium signal coming from the substrate, the amorphous layer can be also identified. It should be pointed out that the higher the voltage, the higher the amorphous phase; this is due to an increase in the coating thickness. However, in the case of the PEO coating obtained at 650 VDC, in addition to the amorphous phase, diffraction peaks due to the presence of Ti2P2O7 crystals, can be observed. 
Summary
These studies allowed us to conclude that voltages ranging from 500 V DC to 650 V DC result in the formation of porous coatings enriched with phosphorus, oxygen, calcium, copper, magnesium, and zinc on titanium after the Plasma Electrolytic Oxidation process. It should be pointed out that, for the first time, the new electrolyte containing 85% concentrated phosphoric acid (H 3 O, was used by the authors. It was observed that the external porosity of the obtained coatings may be described by 3D roughness parameters, such as the arithmetical mean height (Sa) and maximum height (Sz). Between the surfaces of the PEO coating obtained at voltages of 500 V DC and 575 V DC , there is no significant difference among the 3D roughness parameters; this was confirmed by a statistical rank score test at the level of significance α = 0.05, while that formed at 650 V DC shows a different porosity, which was confirmed by the same statistical test. The chemical composition studies, based on EDS measurements, have shown that with increasing PEO voltage, the metal-to-phosphorus ratios also increase, while the XPS studies of the top 10 nm of PEO coatings show that the maximum of that ratio (0.332) was recorded at 575 V DC . It should be noted that the chemical composition is not the same in the whole volume of these coatings. In addition, the top 10 nm of porous coatings are most likely composed of titanium (Ti 4+ ), calcium (Ca 2+ ), magnesium (Mg 2+ ), zinc (Zn 2+ ), copper (Cu 2+ and Cu + ), and phosphates (PO 4 3− and/or HPO 4 2− , and/or H 2 PO 4 − , and/or P 2 O 7 4− ). It should be also pointed out that, in the obtained structure of PEO coatings for one zinc atom or one copper atom, which are bactericidal, there may be up to 16 calcium and 29 magnesium atoms, as it was observed in the coatings formed at voltage 575 V DC . Based on the GDOES and XRD studies, it was found that the higher voltage, the thicker the PEO coating, i.e., the thickest coating may be obtained at 650 V DC and the thinnest at 500 V DC , which is more amorphous with a crystalline phase Ti 2 P 2 O 7 . The three sub-layer model for PEO coating description was used, i.e., the authors proposed the following three sublayers: the top, porous one (contaminated with carbon-nitrogen-oxygen compounds originating from the air and cleaning process), the second, semiporous one (enriched in phosphorus, oxygen, calcium, copper, magnesium, and zinc, and depleted in titanium), and a transition one (increasing the amount of titanium, with decreasing amounts of phosphorus, oxygen, calcium, copper, magnesium, and zinc). In summary, it should be noted that the obtained porous coatings, which are enriched in selected elements such as calcium, phosphorus, magnesium, and bactericidal copper and zinc, can be used to increase the biocompatibility of titanium biomaterials, as well as for the creation of new substrates for catalysts with highly developed surface stereometries.
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